In the hydrometallurgy industry, solvent extraction is the process used for selectively transferring a metal ion such as copper from aqueous solution into an organic phase via complexation with a suitable ligand. The metal ion is then recovered by stripping the organic phase usually with sulfuric acid in the case of copper. Much effort has been devoted to the production of suitable ligands for copper ion complexation as well as diluents and modifiers used in the extraction process.
In the hydrometallurgy industry, solvent extraction is the process used for selectively transferring a metal ion such as copper from aqueous solution into an organic phase via complexation with a suitable ligand. The metal ion is then recovered by stripping the organic phase usually with sulfuric acid in the case of copper. Much effort has been devoted to the production of suitable ligands for copper ion complexation as well as diluents and modifiers used in the extraction process.
The use of hydroxyoximes for metal ion extraction, especially copper has been widely reported with equilibrium and kinetic studies in two phase systems, a sample of which is cited. [1] [2] [3] [4] [5] [6] [7] Carter and Freiser 4 in their study of Cu(II) extraction by LIX 65N (2-hydroxy-5-nonylbenzophenone oxime) using the highly stirred cell report a first order dependence on both copper ion and ligand concentration and an inverse first order dependence on hydrogen ion concentration. They used a two-step mechanism to explain the observed kinetics and concluded that the rate determining step was a bulk aqueous phase chemical reaction. Komasawa et al. 3 used an interfacial mecahnism to explain their results for the same system using the single drop measurement technique. Miller and Atwood 5 studied the more complicated system of copper ion extraction by LIX 64N (a mixture of LIX 65N and LIX 63 (5,8-diethyl-7-hydroxy-dodecane-6-one oxime)). They suggest that the reaction is first order with respect to hydrogen ion concentration and that the back reaction must be included in the mechanism. Watarai and Satoh 7 used the high speed stirring apparatus and determined very similar kinetic parameters for the extraction of nickel by three oximes viz. P50, SME 529 (2-hydroxy-5-nonylacetophenone oxime) and LIX 65N with an interfacial mechanism where the first addition step is rate controlling. Of particular relevance to this study is the work reported by Albery and co-workers 8, 9 on the kinetics of the Cu/P50/heptane system using the rotating diffusion cell. They too considered an interfacial two-step mechanism involving the neutral form of the ligand only and reported a rate constant similar to that obtained in homogeneous media for the first addition step.
Work in homogeneous media using the stopped flow technique has also been reported, for example Nicol et al. found a first order dependence on both metal ion and ligand, salicylaldoxime, in an ethanol-water mixture. 10 A mechanism involving the rate-determining formation of the mono-complex was found to describe the kinetic data in aqueous alcohol mixtures. Pratt and Tilley 11 also observed the same first order dependence for the reaction of Cu(II) with LIX 65N in aqueous ethanol. More recently the kinetics of Cu(II) extraction by hydroxyoximes has been studied in micellar media 12, 13 and the results explained in terms of an interfacial mechanism.
The main focus of our work in this area has been in the development of analytical techniques for the study of the kinetics of metal ion extraction in two phase systems. [14] [15] [16] [17] [18] [19] [20] We have measured copper and nickel ion extraction rates by Kelex 100 in both homogeneous (neutral micelle solution) and heterogeneous systems (heptane/water) to determine kinetic parameters. This study aims to use the static transfer cell combined with TIR 16, 18, 19, 21 to examine the kinetics of copper ion extraction by the hydroxyoxime P50 (5-nonyl-2-hydroxybenzaldoxime). With this method the concentration of the metal-ligand complex in the oil phase is measured as a function of time and used to extract kinetic infor-mation. Because the hydrodynamics of the cell are known, the diffusion behavior can be predicted. 18 Thus data obtained in a kinetically controlled regime is identified and used.
Experimental
Materials 5-Nonyl-2-hydroxybenzaldoxime (P50)(Acorga Mining Chemicals, ICI Australia), Waxoline Blue dye (ICI Australia), analytical grade heptane, sodium sulfate (Ajax Chemicals), sulfuric acid (BDH Laboratory supplies) and copper sulfate (Aldrich Chemical Company Inc.) were used without further purification.
Equipment
Details of the static transfer cell together with the auxiliary experimental equipment are shown schematically in Fig. 1 . The method used has been described previously. 16, 19 Briefly, white light from a xenon arc lamp is introduced into the organic phase of a oil/water system, via a 3 mm diameter quartz optical fiber and passed through this phase to the oil/water interface at an angle of incidence that is greater than the critical angle so as to attain total internal reflectance. A mirror suspended on top of the organic phase, pararell to the oil/water interface serves to reflect the light back through this phase. The output is collected by another identical optical fiber bundle and transferred to a diode array spectrophotometer. This setup allows for the change in spectral information with time of the organic phase species to be measured.
The lateral cross-sectional area of the static transfer cell is 0.0815 m 2 . The height of the aqueous phase and organic phase was 44.3 mm and 8 mm respectively. The critical angle for this system is 73.87˚. All experiments were carried out at a fixed angle of ~75˚. The pathlength through the organic phase was found to be 16.7±0.2 cm and was obtained by using the oil soluble dye Waxoline Blue and the calibration method previously described. 20 
Results and Discussion
The extraction isotherm indicates that copper is complexed by P50 in the pH range 1 -3. 21 All experiments were carried out at pH 3.0 where nearly 100% extraction is achieved. Typical spectral data for the formation of the Cu-P50 complex in the organic phase, obtained by the TIR technique is shown in Fig. 2 . The complex exhibits a band maximum at 355 nm with an experimentally determined extinction coefficient of 4000±400 M -1 cm -1 in heptane. Although the signal from the TIR technique is sensitive to the interfacially adsorbed species in these experiments the number of interfacially adsorbed molecules is small relative to the number in the bulk organic phase after the first few seconds and their contribution to the spectra can be ignored. As previously described 18, 10 the spectral data can be processed to yield curves of complex concentration versus time. The short time analysis (see ref. 18 for full derivation) based on diffusion being the controlling process and reaction being infinitely fast is given by:
(1) 22 ), hydrogen ion and metal ion 23 in the appropriate phase (m 2 s -1 ), t the time in seconds, h org the height of the organic phase and subscript "0" refers to the initial concentrations. This short time approximation is valid when t<< h 2 org /D Cu(HK) 2 . The geometry used in this study is such that this corresponds to a value of approximately 29000 s. A typical experiment was completed in less than 5000 s. Figure 3 (a) shows an example of the experimental data together with the prediction of Eq.(1) using the above parameters indicating that under these particular sets of conditions the process is not solely diffusion controlled. This is further illustrated by considering that for a diffusion controlled process, as predicted by Eq.(1), the slope of the plot of ln[Cu(HK) 2 ] versus ln(t) will be a straight line with a slope of 0.5, as the concentration is proportional to t 1/2 .
C(t)=
The gradients of the plots of ln[Cu(HK) 2 ] versus ln(t)
are shown in Fig. 3(b) and it can be seen that under our experimental conditions the data for these systems gives a gradient less than 0.5; where this gradient is observed to be less than 0.5, the process is not diffusion controlled. In other words, the chemical rate of complex formation is the rate determining step in the extraction process. As in our previous studies 18, 20 only data with slopes less than 0.4 were used in the modelling of the reaction kinetics.
In order to obtain kinetic parameters for the process under our experimental condition, we propose the following mechanism (based on the existence of a protonated form of the ligand at low pH 10, 11 ) to account for the reaction of Cu 2+ with the neutral and positive forms of P50 at the free oil/water interface: Note that the negative form of the ligand is also possible, however, the dissociation constant (pK a =9.0) 7 is such that it does not exist in significant quantities at the pH considered here. As previously documented 18, 20 (7) Equation (7) can be rearranged to give the following expression:
where R i is the initial gradient of the concentration of complex versus time plot, [K t ] is the total P50 concentration. K a l i is the interfacial dissociation constant related to K a l as been defined previously. 18 Expressing Eq. (8) for an interfacial process gives:
where Γ is the interfacial concentration of P50 at the oil/water interface and S is the surface area/volume of the oil phase. Equation (9) describes the extraction of Cu 2+ by P50 into the oil phase in the reagent concentration range where the process is not controlled by diffusion. In order to obtain the rate constant k 1 and k 2 by fitting our experimental R i data to Eq.(9), a measure of Γ and pK a l i for this system is required. Γ can be determined from interfacial tension measurements. Watarai and Satoh 7 obtained Γ=2.5×10 -8 mol dm -2 for this system at pH 5.54. The experimental data of Albery and Fisk at pH 2 as quoted by van der Zeeuw 24 is nearly identical to that of Watarai and Satoh. 7 Since our measurements are at pH 3, we have chosen to use the data of Watarai and Satoh. 7 With regard to the interfacial pK a , Nicol et al. 10 found that a pK a between 1.5 -2.0 gave a satisfactory fit to their kinetic data in aqueous ethanol mixtures. The free oil/water interface has been shown to have a much lower dielectric constant (and hence a lower pK a ) than the above mentioned systems. 16, 18 Previous work demonstrated that the pK i a at the oil/water interface was approximately 1.5 pH units lower than that in bulk solution 18 , therefore, we have chosen a value at pK a l i of 0.25. Fitting the experimentally determined R i to Eq. (9) using the Marquardt-Levenberg non-linear leastsquares algorithm yielded k 1 =4. Fig. 4 . It should be noted that the fit is relatively intensive to changes in pK a l i and any value in the range 0.01 to 1.0 gave essentially identical values of the rate constants.
Our value for k 1 is about four orders of magnitude
lower than that determined by Albery and Choudhery for the Cu(II)/P50/heptane system using the rotating diffusion cell and an interfacial mechanism. 9 Further examination of the rate equation used by Albery and Choudhery 9 indicates that for the conditions presented in this paper, the second addition step (Eq. (3)) is rate controlling. We found a linear dependence on ligand concentration which is in agreement with many other investigators 3, 4, 10, 11 indicating that the first addition step is rate controlling. Thus we do not believe the reaction scheme or the rate constants presented by Albery and Choudhery 9 are applicable to the conditions used in this study. It is interesting to compare the rates predicted by Albery and Choudhery's rate equation with our data, the two are within an order however, we are unable to use their interpretation of the kinetic data at these reagent concentrations.
We expect differences between rate constants obtained in homogeneous media and an interfacial environment on the grounds that at an interface a complexing agent would need to overcome a significant activation energy in order to be oriented such that reactions may proceed thus reducing the rate constants. 20 This has been observed experimentally by Cierpiszweski et al. 13 for Cu(II) extraction by hydroxyoximes in aqueous methanol compared to CTAB micelles. However direct comparison with our work is not possible as their study was carried out in the pH range 3.5 -5.0 and therefore takes account of the negative form of the ligand since no significant complex 228 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 formation with the neutral species was expected.
This study clearly highlights the need for further investigation of this extraction system and we plan an NMR study in the first instance to confirm the proposed location of the ligand at the interface followed by extensive stopped flow experiments in a neutral micellar system.
